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Social networks analysis tools were used to investigate the social structures of two 
African ungulate species.  Captive herds of addra gazelle (Gazella dama) and roan 
antelope (Hipptragus equinus) were observed.  Social networks were constructed of each 
herd’s affiliative (socially cohesive) interactions and nearest-neighbor (closest individual 
within 2 body lengths) associations during three time periods.  I evaluated whether 
network measures could be explained by individual, dyadic or sub-group attributes at 
three levels of social network organization.  Both roan and addra males were very central 
to their networks, and in some time periods so were juveniles.  Roan and addra partner 
preferences differed, with addra tending to affiliate by age class while roan were more 
variable in their partner preferences.  Matrilinealy-related sub-groups were also identified 
in addra.  This networks analysis approach has broad applicability for characterizing 
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    The pattern of relationships within a group of animals defines the social 
structure of that group (Hinde 1976) and can profoundly influence an individual's fitness.  
Relationships, or connections, are stable, repeated interactions between two individuals 
(Hinde 1976).  Dominance or the formation of long-term affiliative connections for 
example can profoundly affect an individual’s ability to survive and reproduce (Ellis 
1995, Connor et al. 2001, Silk 2004, Silk 2007).  Several common patterns of stable inter-
individual relationships are recognized in mammalian societies, many of which are 
associated with homophily (Lusseau and Newman 2004, Croft et al. 2005).  Homophily 
describes the pattern of affinity of an individual for other individuals that are similar in 
some way (Lazarsfeld and Merton 1954, Kandel 1978, McPherson et al. 2001).  
Homophilic patterns include, but are not limited to: attraction to close kin such as parents 
and siblings, preference for similarly aged individuals, and similarly ranked individuals 
(Lusseau and Newman 2004).  Other important patterns are avoidance of high ranking 
individuals, attraction to high ranking animals, and sexual segregation.   
Defining Patterns of Association 
Patterns of association are not mutually exclusive, and may be observed at the 
same time in the same animal group either due to different animals following different 
social strategies, or single individuals utilizing multiple social connection decision 
criteria.  Associations are social connections that describe two or more individuals’ 
occurrence in the same spatial or behavioral state, while interactions are behaviors in 
which an individual directly affects the behavior of another. Examples of multiple social 
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connection criteria are documented in the case of yellow-bellied marmots, Marmota 
flaviventris, individuals preferred to associate in space with others who were both 
similarly aged as well as close kin (Wey and Blumstein 2010). In captive hippopotami, 
Hippopotamus amphibious, individuals interact more frequently with related and familiar 
individuals (Blowers et al. 2010).  Presumably, individuals affiliate with partners that will 
confer them the greatest fitness benefits, which could result in different association 
preferences for different individuals and multiple association criteria for any given 
individual.  Social networks analysis has the potential to be a powerful analytical tool for 
defining a group’s social structure in terms of the pattern of the group’s social 
interactions and associations, as well as revealing how those patterns differ between 
individuals of differing degrees of relatedness, dominance ranks,  age, and sex. 
Kinship Associations 
One common pattern of social organization is that of kin-attractiveness, wherein 
individuals associate and interact primarily with close kin (Kapsalis and Berman 1996).  
Preferential association with kin is thought to be driven by kin selection, and individuals 
are predicted to benefit both directly and indirectly through stable interactions with their 
close kin (Wright 1922, Hamilton 1964).  General preferences for interactions or 
association with close kin leading to social structures where many behavioral patterns are 
dependent on kin, have been well documented in vertebrates (Wahaj et al. 2004, 
Hatchwell 2010).  In mammals, mother-offspring relationships are especially strong as 
young mammals are more dependent on their mothers for longer developmental periods 
than in many other vertebrates.  Stable long-term mother-offspring associations have 
been described in primates such as rhesus monkeys, Macaca mulatta, (Kapsalis and 
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Berman 1996),  and baboons (Silk 2007), as well as in ungulates such as aoudad, 
Ammotragus lervia, (Cassinello and Calabuig 2008), bighorn sheep, Ovis canadensis, 
(Festa-Bianchet 1991), and wild boar, Sus scrofa, (Kaminski et al. 2005), as well as 
cetaceans (Baird and Whitehead 2000, Lusseau and Newman 2004), and elephants 
(Fernando and Lande 2000, Charif et al. 2005).  
Dominance Rank 
Dominance rank can determine whether and to what extent individuals interact 
and form stable affiliative relationships.  Animals may show attraction to or avoidance of 
high ranking individuals.  Attraction to high ranking individuals has been seen in 
primates (Seyfarth 1976), spotted hyenas, Crocuta crocuta, (Smith et al. 2007), and 
African wild dog, Lycaon pictus (de Villiers et al. 2003).  Such attraction may confer 
benefits to the subordinate in the form of indirect or delayed benefits (Seyfarth 1976, Silk 
2004, Smith et al. 2010).  Avoidance of high ranking individuals allows subordinates to 
avoid the potential costs of conflicts (Hall and Fedigan 1997).  In capuchins, Cebus 
capucinus, avoidance of high ranking individuals allows subordinates to avoid the 
potential costs of contest competition with dominant animals (Hall and Fedigan 1997). 
Age 
In some gregarious mammals such as bottle-nose dolphins, Tursiops truncates, 
(Shane et al. 1986) and feral sheep, Ovis aries, (Rowell and Rowell 1993), social units 
composed of animals of similar age classes have been observed.  Affiliation with 
similarly aged individuals, especially the formation of sub-groups of young animals may 
be especially important in optimal social and physical development (Fagen 1974).  
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Additionally, age may affect how many social partners an individual has. This has been 
observed in African elephants, Loxodonta Africana, in which older individuals have 
central, socially cohesive roles in their social groups (McComb et al. 2001).  These 
individuals were socially connected to many individuals. Conversely, in yellow-bellied 
marmots, older individuals were less well connected to others in the social group than 
were younger individuals (Wey and Blumstein 2010). 
Sexual Segregation 
Another common pattern of association is sexual segregation, in which adults of 
the two sexes are separated socially and in many cases spatially (Conradt 1998, Mysterud 
2000). Sexual segregation can occur as the result of differing selective pressures on males 
and females such as differing reproductive strategies, foraging strategies driven by size 
dimorphism, social factors, and activity budgets (Bon and Campan 1996, Main et al. 
1996, Ruckstuhl and Neuhaus 2000, Stokke and du Toit 2000, Corti and Shackleton 
2002, Pérez-Barbería et al. 2005).  Sexual segregation is seen in many species, but is 
especially prevalent and well studied in ungulates.  Ungulates commonly form bachelor 
herds or display social organizations based around stable groups of females that are 
attended by single adult males (Jarman 1974, Main 2008, Perez-Barberia et al. 2008). 
Social Networks Analysis 
Historically, studies of social interactions in animals have focused on the 
individual or dyads; they have seldom taken a holistic, quantitative approach that 
integrates information from an entire social group.  While some past studies have 
qualitatively described the web of interactions that occur within a social group, only 
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within the past half-century have the analytical tools become available to quantitatively 
describe groups as a whole through their pattern of social relationships (Wasserman and 
Faust 1994).  This is one of the advantages of social networks analysis over traditional 
methods of measuring social associations (Krause et al. 2009).  Since the inception of 
social network analysis, advances in mathematics, statistics and computation have 
allowed the exploration of large, complex social organizations (Wasserman and Faust 
1994).  Recently, social networks analysis has begun to be adapted to the study of animal 
behavior and several researchers have emphasized its potential for investigating social 
connections at the individual, community, population and inter-population levels 
(Whitehead 1997, Krause et al. 2007, McCowan et al. 2008, Wey et al. 2008); for a 
review see Krause et al. (2009).   
A social network is made up of a group of actors or “nodes” (depicted as 
individual addra in Figure 1) and the connections between them, known as “edges” 
(depicted as the lines connecting nodes in Figure 1).  The most common type of node is a 
single individual, while edges can have variety of forms (Wasserman and Faust 1994).  In 
animal applications most commonly edges represent associations, or interactions.  A wide 
array of variables pertinent to the study of animal behavior can be analyzed through 
network analysis at both the group and individual level.  Both individuals and whole 
networks can be analyzed for their centrality, or the degree to which actors in the network 
are connected by key individuals.  Furthermore, individuals can be assigned social 
positions, which are measures that describe common patterns of relations shared by nodes 
in complex networks.  Using these methods, one can quantify the overall social structure 
of an animal group, how similar the network structures are for different groups of animals 
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or species or for the same group at different times, the similarity between networks 
constructed with different kinds of relations (Wasserman and Faust 1994, Whitehead 
2008).  Also, individual animals can be characterized with respect to their centrality in 
the network and the number of relations they have with other animals, as well as their 
social position and their tendency to form sub-groups with other individuals (Croft et al. 
2008, Whitehead 2008). 
Ungulates as a Model Gregarious Species 
Ungulates are particularly useful models for investigations of the factors 
influencing social organization because they exhibit each of the common patterns of 
association. It remains unclear for many species, however, which of these patterns prevail 
in their social structures.  This is because most studies of the social interactions of 
ungulates have focused on only one of the factors identified here that contribute to social 
structure.  Ungulates provide interesting examples of social species as they range in 
social organizations from solitary to fission-fusion to highly gregarious year round 
(Jarman 1974).  This study focused on addra gazelle, Gazella dama, and roan antelope, 
Hippotragus equinus.  Both species are typically found in small herds consisting of 
several adult females, their immature offspring and a single adult male (Allsopp 1979, 
Lamarque et al. 2007).  Additionally, in both species mixed-aged herds of bachelor males 
are common (Allsopp 1979, Mallon  and Kingswood 2001, Lamarque et al. 2007).  In 
both addra and roan these smaller herds are known to periodically merge into larger herds 
according to resource availability (Allsopp 1979, Wacher et al. 2007, Newby et al. 2008).  
General characteristics of each species are summarized in Table 1.  Like most ungulate 
species, addra and roan are diurnal, individuals are easily identifiable, and they are easily 
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habituated to human presence. This makes them ideal for studies of social interactions 
and organization.  Knowledge of social organization in these species also has important 
conservation implications, since many ungulate species are in rapid decline due to habitat 
loss, hunting, and introduction of disease from domesticated ungulates (IUCN et al. 
2008). 
Addra 
Addra gazelle are medium-bodied gazelles (40-75kg) that are minimally size 
dimorphic.  Addra become sexually mature between 1.5 and 2 years of age (Mallon  and 
Kingswood 2001).  This species was historically found throughout the Saharan and Sahel 
regions of northern Africa, although human impacts have depleted their numbers and 
decreased their historical range to fragmented populations south of the Sahara (Cuzin 
1996). Addra are generally found in grassland, sparsely wooded savannah and desert 
steppes and primarily feed on Acacia plants (Newby 1974, Newby et al. 2008). They are 
currently believed to exist in small populations of at most 20 individuals in Mali, Niger 
and Chad, with no more than 500 individuals estimated in the total wild population 
(Wacher et al. 2007, Newby et al. 2008).   Although their dwindling numbers makes their 
social organization difficult to study in the wild, addra are reported to be found in groups 
of up to 5 individuals, comprised of adult females and their young which are occasionally 
accompanied by a single adult male. This number is likely to be an underestimate of their 
historic group sizes due to the significant recent decline in numbers (Mallon  and 




Roan antelope are found in wooded savannah and grasslands in southern Africa 
(IUCN SSC Antelope Specialist Group 2008).  Roan are large bodied (225-300 kg) 
antelope that show moderate size dimorphism. Adults reach sexual maturity between 2.5 
and 3 years of age (Dittrich 1972). They primarily feed on the abundant tall grasses and 
woody plants found throughout their range (Perrin and Taolo 1999). Roan herds typically 
average around a dozen individuals and consist of several females and their young. As in 
addra, these groups may be associated with an adult male.  Mixed sex and aged herds of 
roan as large as 48 individuals have also been documented (Allsopp 1979).  Roan form 
bachelor herds of with males of various ages (Allsopp 1979).  
Specific Predictions 
Using the social networks analysis approach I tested the degree to which each of 
the previously discussed factors of kinship, dominance, age, and sex affected social 
organization in addra and roan maintained in a captive setting.  I measured network 
variables at three levels of organization: the individual or node, dyads, and sub-groups.  I 
made several predictions that were not mutually exclusive about how these network 
measures would vary in patterns of social connections.  I hypothesized that because 
females of both species have been documented to remain with their natal herds (Jarman 
1974), kinship would have a large influence on the social structure of these species.  I 
predicted that dyads consisting of closely related individuals would have strong 
connections and that sub-groups consisting of closely related interconnected individuals 
would be evident.  Second, I hypothesized that dominance rank would affect social 
structure. I predicted that animals would either prefer to affiliate or interact with similarly 
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ranked individuals or subordinates would generally prefer affiliations with more 
dominant animals.  Specifically, I predicted the preference for similarly ranked animals 
would result in high correlation between similarity in dominance rank and the degree of 
dyadic preference. Alternatively, if animals are attracted to dominant individuals, then the 
centrality of dominant individuals will be higher than that of subordinates.  The third 
factor investigated was age.  Both of these species are hiders (Wilson and Hirst 1977, 
Alados and Escos 1991). During early post-natal development the young rest apart from 
the rest of the herd, often with other young individuals.  I predicted, therefore, that node 
centrality would be low for these young animals and would be higher in adults since they 
are more fully integrated with the rest of the herd.  Also, at the dyadic level I predicted a 
high preference for social connections to animals of similar age, and the formation of 
sub-groups of similarly aged individuals.  The final factor I investigated was sex.  Both of 
these species have a polygynous mating system (Emlen and Oring 1977, Owen-Smith 
1977, Alados and Escós 1992).  I predicted that adult males, because of their interest in 
interactions with multiple females, would have high network centrality relative to 
females.  This should also result in a dyadic preference for associations with members of 
the opposite sex.  Sexual segregation, manifested as sub-groups organized by sex, are 
unlikely as the study herds were maintained in low male to female ratios for the purpose 
of breeding that precluded the formation of bachelor herds.  These predictions are 






Materials and Methods 
 
Data Collection 
Study Site and Animals 
One herd of roan antelope (Hippotragus equinus) and one herd of addra gazelle (Dama 
gazella ruficolis) were studied at the White Oak Conservation Center, Florida (W81E 
27’, N30E 40’) over three two- to three-week periods between August of 2009 June of 
2010. Both species were managed according to established husbandry protocols for the 
species.  The roan were housed in a 2.5 acre enclosure with access to water from 
automatic livestock waterers.  Their supplemental feed included coastal hay (ad libitum) 
and 4-5 pounds commercial grain per animal.  The addra were housed in a 2.6 acre 
enclosure also with access to water from automatic livestock waterers.  Their 
supplemental feed consisted of alfalfa hay (ad libitum) and 2 pounds of commercial grain 
per animal.  Both species were fed as herds and had access to natural graze and forage in 
their enclosures.  Herds were maintained throughout the study in age and sex ratios that 
approximated the natural composition of herds found in the wild (Table 3).  For the 
purpose of this study, animals were classified into one of three age classes: adult, 
subadult and juvenile.  Age classes were defined by whether or not the animals were still 
nursing (juvenile), weaned but not above the minimum age of first reproduction 
(subadults), or reproductive (adults).  All animals were individually identifiable by ear 
tag colors and numbers in addition to morphological features such as sex, slight 
variations in coloration, horn length and shape, and body size.   
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 Between weaning and one year of age, juvenile male addra gazelles were 
removed from the breeding herd and placed in a mixed species bachelor herd at the same 
facility in order to simulate the formation of bachelor herds observed in managed wild 
populations.  None of the removals of addra occurred during the observation period.  
Within the roan herd, four juveniles were removed from the breeding herd in order to 
prevent inbreeding and aggression and relocated to another facility in January 2010.  As a 
result, the January observations for roan were divided into two distinct datasets, “January 
A” and “January B” and treated as separate sampling periods for data analysis.  
Institutional Animal Care and Use Committee approval was obtained from the White Oak 
Conservation Center Research Committee and all research was conducted following 
University of Maryland Animal Care and Use guidelines. 
Herd Attributes 
The general characteristics of each herd were summarized in Table 4.  In the addra herds, 
herd size varied between 8 and 14 individuals.  The herd had a consistent core of 1 adult 
male and 5 adult females with varying numbers and sexes of juvenile and subadult 
individuals as well as the death of one geriatric female and the removal of another due to 
injury.  The roan herd was similarly sized and ranged from between 8 and 12 individuals.  
Like the addra, the roan herd was maintained with a core set of adults, 1 adult male and 5 
adult females, with varying numbers and sexes of juveniles.  Similarity matrices were 
constructed for age class, sex, kinship and dominance.  Age class similarity was scored as 
1/0 where 1 indicated membership in the same age class (adult, subadult or juvenile) and 
0 indicated the two were not the same.  Likewise sex similarity was scored as 1/0 with 1 
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being same and 0 being not same.  I calculated kinship as relatedness coefficient (r) using 
breeding records(Wright 1922).     
Behavioral Observations 
Breeding herds of each species were observed by a single researcher during August 2009, 
January 2010 and June 2010 for a total of 136 hours of observation of the roan herd and 
125 hours of observation of the addra herd.  Five observation sessions lasting 90 minutes 
each were distributed throughout the daily active period for these animals, from sunrise 
(approximately from 7:00 am) until sunset (6:00 pm in the winter and 8:00 pm in the 
spring and summer sessions).  All observations were made from outside the herd's 
enclosures.  Both herds were previously habituated to the presence of motor vehicles and 
humans through the daily activities of White Oak Conservation Center staff.   
 During group follows, all occurrences of social interactions of all visible animals 
were recorded by hand during each 90-minute observation period.  For each social 
interaction, the identities of both participants were recorded as well as the type of 
behavior they in exhibited (Table 4).  Behaviors were categorized as “affiliative” 
(socially cohesive), “agonistic” (socially competitive), or “other” for the purpose of 
network construction.  For each agonistic interaction, the identities of the winner and 
loser were recorded to later construct a dominance hierarchy.  Winners were identified at 
the end of an agonistic encounter by maintaining their position or by obtaining an 
opponent’s position in the enclosure.  Losers were identified by posture (lowered head 
and tail tucked between their legs) and by their departure from the site of interaction.  
Affiliative and agonistic rates of interaction for each dyad were calculated as the number 
of interactions divided by the amount of time in hours both members of the dyad were 
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visible to the observer.  For the purposes of this study affiliative interactions were 
considered symmetric while agonistic interactions were asymmetric and directional. 
During the same observation periods as the social interaction observations, 
nearest-neighbor associations were also recorded.  The nearest neighbor was defined as 
the closest individual within two body lengths of the focal animal.  The nearest neighbor 
of every animal in the herd was recorded by hand at the beginning, middle and end of 
each observation period.  Association indices for each dyad were calculated as simple 
ratios (the number of times two animals were observed as nearest neighbors divided by 
the number of scans in which at least one of the animals was visible) (Cairns and 
Schwager 1987).  
Dominance Indices 
One interesting aspect of recent studies in animal social networks is the attempt to 
correlate dominance rank to network position (Krause et al. 2009).  It is possible to 
conceive of situations where the most dominant individuals would be expected to be 
relatively central in their network as they may need to stay connected to other individuals 
either to maintain dominance or because they are attractive to subordinates.  In order to 
investigate how dominance rank relates to individual network position, dominance ranks 
were assigned to each animal from observations of agonistic interactions.   Dominance 
rankings and indices have been determined in a number of ways.  Here David’s score 
(David 1987) was selected due to its utility in assigning unique dominance ranks for data 
sets with incomplete and unbalanced comparisons (Bang et al. 2010).  Such comparisons 
are common in observational data for which there are non-interacting dyads, or 
variability in the number of contests between dyads.   SOCPROG2 (Whitehead 2009) 
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was used to calculate David’s score (DS) for each individual.  Dominance similarity was 
calculated as the absolute difference in DS between dyad members. 
Network Analyses 
There are a wide range of methods and variables derived for use in network analysis. The 
analytical approach used here followed recommendations set out by Whitehead (2008) 
for weighted animal social networks based on interaction or association rates.  This 
approach was selected because weighted networks- networks that are built on relational 
measures that are not binary (Wasserman and Faust 1994)- can provide a more useful 
measure of network structure when there is a large degree of variation between dyadic 
edge weights (Whitehead 2008). 
Network Visualization 
The first step, and often the most informative, in social networks analysis is network 
visualization (Wasserman and Faust 1994).  Affiliative interaction and nearest neighbor 
networks were drawn for each observation time period using NodeXL (Smith et al. 
2009).    Nodes represented individual animals and edges represented the presence of an 
interaction or association between two animals, weighted as the interaction rate or 
association index for each dyad.  Both the affiliative interaction and nearest-neighbor 
association networks were weighted and undirected (symmetrical).  For simplification of 
visualization only, edges with weights (interaction rates or association indices) that were 




In order to investigate whether the pattern of social interactions of the herds differed from 
uniformly distributed patterns of associations and to differentiate between the 
hypothesized patterns of social organization, a variety of network measures were utilized.  
All network measures were calculated in UCINET (Borgatti et al. 2002).   
Node centrality.  Node strength is a measure of an individual node’s centrality in 
the network (Wasserman and Faust 1994).  It is similar to the commonly used metric 
“node degree” in that both are quantitative measures of how many connections a given 
node has in the network, but node strength takes edge weight into account whereas 
degree is simply the sum number of connections a single node has.  For example, the 
central male in the network depicted in Figure 1 has a node degree of 7, and has a node 
strength of 2.69, which is the sum of the interaction rates with all the animals with which 
he interacted.  Node strength provides a measure of not only how many, but how strong 
the social connections are that an individual has in its network.  Therefore, using node 
strength, one can distinguish individuals that are weakly associated with many 
individuals from those that have many strong connections, which is not possible using 
node degree. Node strength can be correlated to node attributes to reveal what 
characteristics are associated with more or less well connected individuals.  Node 
strength is calculated as the sum of the weights of all the edges directly connected to the 
node of interest.   
Node clustering coefficient.  The clustering coefficient of an individual is a 
measure of the tendency of an individual to interact or associate with individuals that 
form triads or “cliques”- groups of three individuals all of whom are connected to each 
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other.   Nodes with high clustering coefficients have a strong preference toward the other 
members of their clusters.  Clustering coefficient was calculated following Onnela et al 
(2005) for weighted networks where the clustering coefficient is equal to two times the 
sum of the weights of edges of each triad formed by a given individual divided by all the 
possible edges that could occur between the node of interest and the nodes directly 
connected to the node of interest. 
Sub-grouping. The presence of sub-groups within the greater network structure 
can be identified by analyzing modularity of sub-groups formed by grouping strongly 
inter-connected subsets of individuals (Newman 2004).  Modularity is defined as the 
difference between the proportion of the total association within clusters and the expected 
proportion, given the summed associations of the different individuals.  Modularity was 
obtained in SOCPROG2.  As suggested by Newman (2004), modularities greater than 0.3 
were considered to be useful divisions of the herd into sub-groups.  I recorded sub-group 
assignments and I constructed a shared sub-group membership matrix similar to the 1/0 
similarity matrices for sex and age class. 
Statistical Analyses 
Individual Node Attributes 
I analyzed the tendency of particular kinds of individuals to interact or form clusters 
within their networks.  For each species and each time period, I constructed standard least 
square models using the statistical software package JMP (SAS Institute Inc, Version 9) 
for each individual node attribute with sex (male, female) and age class (adult, subadult, 
or juvenile) as fixed effects, and dominance (DS) as a random effect.  I considered effects 
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to be significant when compared across time periods with sequential Bonferroni 
correction (Holm 1979) at an effect-wide significance level of 0.05. 
Dyadic Attribute-based Structure 
I used a special case of the Mantel test called quadratic assignment procedure (QAP) 
regression (Krackhardt 1988) in UCINET (Borgatti et al. 2002)  to simultaneously 
determine whether multiple similarities between individuals determine the structure of 
the network.  Affiliative interaction and nearest neighbor networks were regressed with 
the QAP function in UCINET generating similar statistical output to traditional multiple 
regression.  Significant positive coefficients are interpreted as support for homophilic 
structuring of the networks, whereas negative coefficients indicate a preference for 
dissimilar individuals.  I considered effects to be significant when compared across time 
periods with sequential Bonferroni correction at a factor-wide significance level of 0.05. 
Strong connections 
“Strong” connections were identified in both the affiliative interaction and neighbor 
association networks of addra and roan.  I identified interactions or associations between 
particular dyads as “strong” if they were more than 2 times larger than the average 
interaction rate or association index (Durrell et al. 2004, Gero et al. 2005, Whitehead 
2008).  Once these particularly strong interactions or associations were identified I 
classified them by the characteristics of their members, that is by sex (male-female, male-
male, female-female), age class (adult-adult, adult-subadult, adult-juvenile, subadult-
subadult, subadult-juvenile, and juvenile-juvenile) and kinship (unrelated, within 
matriline, mother-offspring, father-offspring, paternal half-siblings, maternal half-siblings 
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and full siblings).  I then generated expected values for each type of dyad by multiplying 
the total number of strong interactions or associations identified in one time period by the 
proportion of that type of dyad in the entire network for that time period.  Then I 
calculated a χ² statistic, df, and estimated p for each characteristic in each time period.  
Observed distributions were considered to be significantly different from expectation 
when compared across time periods with sequential Bonferroni correction at an effect-
wide significance level of 0.05.  The strong connections of the January B 2010 roan herd 
were not considered in evaluation of significance as there were too few strong 
interactions to produce an adequate sample size for analysis. 
Sub-groups 
Once identified, I compared sub-groups to each other to identify differences in the factors 
that characterized the sub-groups (e.g., sex makeup, mean age, mean DS and within-
group relatedness).  For each time period in which useful sub-groups were identified, I 
compared the number of males and females in each to random expectation with Fisher’s 
exact tests.  I compared mean age and mean DS for each group using Mann-Whitney U-
tests.  Finally, I used a Mantel test to compare the matrix of shared sub-group 
membership to the herd’s relatedness matrix.  For all of these tests, I considered 
differences to be significant when compared across time periods with sequential 









Separate affiliative interaction and nearest neighbor association networks were drawn for 
each time period (Figures 1-3).  The affiliative interaction networks of addra are variable 
over the three time periods.  In August 2009 the adult male is the most central individual 
in the network, but that pattern is not repeated in the two following time periods.  The 
adult male interacted primarily with adult females in all time periods.  Juveniles and 
subadults were involved in groups of mutually interacting individuals in all three time 
periods, suggesting the presence of sub-groups.  Females varied between time periods 
with respect to the nature and number of interactions.  Specifically, interactions between 
adult females were rare, while interactions between females and their juvenile and sub-
adult offspring are more common.  Interestingly, the qualitative structure of the affiliative 
interaction network was markedly different from the structure of the neighbor 
associations.  Generally, the network of neighbor associations was better connected, that 
is, more animals in the neighbor association network were connected to each other, than 
in the affiliative interaction network.  The patterns of neighbor associations in addra were 
also more consistent across time.  Juveniles showed strong connections to each other, and 
in time periods where there are more than two juveniles or subadults they too formed 
sub-groups.  This was most clearly demonstrated in the network of June 2010, where 
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there appeared to be one sub-group consisting of adults and another of  juveniles and 
subadults.   
Individual Node Attributes 
Node strength was analyzed in each time period with respect to the individual attributes 
of sex, age, and dominance (Tables 5 and 6).   Sex was the most common factor found to 
affect node strength.  In two of the three time periods, August 2009 and January 2010, 
male addra had higher node strength than females in affiliative interaction networks 
(F1,7=51.346, p<0.001 and F1,6=15.255, p=0.018 respectively).  No pattern of node 
strength related to sex was found in addra in June 2010 (Figure 4).  Age class was also 
found to affect node strength in addra affiliative networks though less often than sex.  In 
August 2009 juvenile addra had higher affiliative node strength than adults (F1,7=18.026, 
p=0.005; Figure 4). 
 In addition to node strength, clustering coefficient was calculated for the nodes in 
each network.  None of the individual attributes identified in this study were found to 
vary with individual clustering coefficient in either the affiliative interaction network or 
neighbor association network of addra. 
Dyadic Preferences 
Individuals that were similar in sex, age class, dominance or that had high relatedness 
were predicted to prefer to interact or associate with each other.  The results of QAP 
analysis are shown in  Table 7.  The similarity between dyad members did not explain 
variation in rate of interaction for any type of similarity.  In June 2010, similarity in age 
class contributed to the magnitude of neighbor association indices (RQAP =0.502, 
21 
 
p>0.001).  In no other time period or type of similarity was there an effect on association 
indices of addra. 
 In order to determine whether other kinds of relationships than similarity based on 
age, sex, dominance and kinship affect interaction rates or neighbor associations, the 
content of “strong” connections were evaluated.  Across all time periods, a total of 29 
strong affiliative interactions were identified (Table 8).  As predicted, most strong 
interactions were between males and females as opposed to either kind of same sex 
pairing.  The kinship distribution of strong interactions in the addra herds in August 2009 
and January 2010 did not differ from expected based on the distribution of age in all 
possible interactions.  In the June 2010 herd there were more mother-offspring 
interactions than predicted (χ
2
=17.95, df=7 p=0.006). Finally, the distribution of strong 
interactions that were detected between different and similarly aged individuals did not 
differ from expected based on the overall distribution of all possible interactions. 
 The distributions of strong neighbor associations were markedly different from 
the distribution of strong affiliative interactions (Table 9).  Thirty-two strong associations 
were identified in the neighbor networks.  The majority of strong neighbor associations 
followed the patterns predicted from the patterns of all possible associations. Female-
female and male-female associations were the most common type of strong association 
based on sex at all time periods, which was consistent with predictions.  As expected 
according to the number of different kinds of dyads in the networks, in the strong 
neighbor associations based on kinship, the most frequent type of strong association was 
between unrelated individuals and between mothers and their offspring in the January and 
June 2010 herds, with fewer strong associations occurring between other closely related 
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individuals.  In the August 2009 herd the strong neighbor associations among dyads 
varying in the degree of kinship varied from the distribution of different kinds of kin-
based connections (χ
2
=14.786, df=2, p=0.011).  Strong associations between unrelated 
individuals occurred less often than predicted while strong mother-offspring associations 
were more common than predicted.  Among and within the different age addra, strong 
neighbor associations were consistent predictions based on the distribution of all possible 
types of dyads in August 2009 and January 2010.  These associations were most 
commonly found between adults but were less common in other age groups, unlike the 
pattern seen in affiliative interactions.  In June 2010, the observed number of strong 
connections between dyads categorized by age differed from the number expected from 
the distribution of age-based dyads in the network (χ
2
=16.921, df=5, p=0.005).  There 
were more strong associations in adult-adult dyads and fewer in adult-juvenile and 
juvenile-juvenile dyads.  
Sub-grouping 
Herds were divided into sub-groups using modularity as the criteria determining to what 
group individuals were assigned.  Sub-groups were found in addra affiliative interactions 
in the August 2009 and June 2010 time points as well as in neighbor associations in the 
June 2010 herd.  In cases where useful divisions were identified, characteristics of the 
different groups were compared (Table 10).  In the groups formed by affiliative 
interactions, relatedness was found to positively correlate with group membership with 
closely related individuals occurring in the same groups (R
2
 =0.342, N=9, p=0.042 for 
August 2009 and R
2
 =0.307, N=14, p=0.002 for June 2010).  In the June 2010 time 
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period, neighbor associations also grouped animals by age and dominance (U=21.000, 




In all time periods, the adult male was the most central individual and had connections to 
nearly all individuals in the network (Figures 5-8).  Interactions between adult females 
were rare in every time period and few interactions were found between juveniles or sub 
adults, however these were more frequent than between adult females.  The pattern of 
centrality of the adult male was also seen throughout the roan neighbor association 
networks. Additionally, in the roan networks there was a repeated appearance of 
interconnected sub-groups of juveniles and sub adults.  In these neighbor networks, adult 
females were less isolated than in their respective interaction networks and tended to 
form sub-groups of their own in the January A and B 2010 herds.  This is a varies 
considerably from the pattern seen in the affiliative interaction network which was less 
dense than the neighbor association network.  Adult females that were connected to each 
other in the neighbor network were often pairs of maternal siblings. 
Individual Node Attributes 
No factor studied here (e.g., sex, age, or dominance) varied with node strength in roan 
affiliative interactions (Figure 9, Table 11).  Male roan had higher node strength in both 
January A and B 2010 herds in the neighbor association networks (F1,11=10.548, p=0.014 
and F1,7=19.783, p=0.011 respectively).  In the January B 2010 neighbor association 
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network, juvenile roan had higher node strength than adults (F7,1=60.520, p=0.002).  
Dominance was only found to vary with node strength in the neighbor association 
network of roan in January B 2010, where more dominant individuals had higher node 
strength than subordinates (F1,7=51.809, p=0.002). 
Clustering coefficient was calculated for the nodes in each network.  None of the 
individual attributes identified in this study were found to vary with individual clustering 
coefficient in either the affiliative interaction network or neighbor association networks 
of roan at any time period. 
Dyadic Preferences 
In roan, only in the January B 2010 time point was a significant positive effect of 
relatedness on dyadic partner preferences detected (RQAP =0.343, p=0.011; Tables 12 and 
13).  Male-female dyads showed higher association indices than same sex dyads in June 
2010 as sex was negatively correlated to association index (RQAP = -0.305, p=0.004).  
This negative correlation indicates a preference for dissimilar partners.  Association index 
and relatedness were negatively correlated in June 2010, showing association indices of 
distantly related individuals tended to be larger than those between closely related 
individuals (RQAP = -0.321, p=0.006). 
The propensity for roan to prefer interactions or associations with individuals 
based on characteristics other than similarity was investigated through the identification 
and characterization of strong connections.  Over the entire study, 24 strong interactions 
were identified in the affiliative interaction networks (Table 14). In January A 2010 
strong connections between members of age-based dyads differed from the predicted 
number (χ
2
=8.586, df=2, p=0.014).  Male-female dyads showed more strong connections 
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than expected and female-female dyads showed fewer strong connections than expected.  
The other two time periods did not deviate from the predicted distributions with respect 
to sex, but both showed trends similar to those seen in January B 2010.  The distribution 
of strong associations based on kinship and age did not vary from the expected 
distributions. 
 Twenty-six strong neighbor associations were seen in roan (Table 15).  Strong 
nearest neighbor associations between dyads composed of different and same sexed 
animals did not differ from the expected distribution based on possible different and same 
sexed dyads in the herds.  Strong associations based on kinship and age did not follow the 
same pattern as for affiliative interactions in August 2009 (χ
2
=15.150, df=5, p=0.001) and 
June 2010 (χ
2
=21.333, df=5, p<0.001).  Siblings had more strong associations than 
predicted while strong connections between unrelated individuals were less common than 
predicted in August 2009 and June 2010.    In all time periods the distribution of strong 
associations between similar and differently aged roan differed from the predicted 
distributions (August 2009: χ
2
=16.750, df=2, p<0.001; January B 2010: χ
2
=12.379, df=5, 
p=0.012; June 2010: χ
2
=15.600, df=5, p<0.001).  In August 2009 there were more strong 
associations between juveniles and fewer strong associations in adult dyads and adult-
juvenile dyads than expected.  Similarly, in January A 2010 there were more strong 
associations between dyads of subadults as well as between dyads of juveniles, and to a 
lesser degree dyads of adults than predicted.  In this time period there were fewer 
strongly associating mixed-aged dyads than expected.  Finally, in the June 2010 time 
period, strong associations were more common than expected between juvenile-juvenile 
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dyads of as well as adult-adult dyads, but were lower than expected between adult-
juvenile dyads. 
Sub-grouping 
Sub-groups were identified through the affiliative interactions within the August 2009, 
January B and June 2010 time periods.  Groups based on neighbor associations were also 
identified in January A and June 2010.   While sub-groups were found in roan, they were 






In this study the social organizations of two ungulate species were characterized 
through the use of social networks analysis tools.  I had predicted that affiliative 
interactions and nearest neighbor associations would follow commonly identified patterns 
of social organization seen in other mammalian species using more traditional methods of 
analyzing social organization.  The majority of these organizations were centered on 
some form of homophily–the attraction of one individual for other similar individuals. 
Addra 
Individual addra varied considerably in their tendencies to interact affiliatively.  
Males were the most central actors in their networks, as they consistently had the most 
numerous and most frequent interactions with other members of the herd.  Male centrality 
is not surprising and is likely the result of the single adult male maintaining a high rate of 
interactions with his potential mates in the herd: the adult females.  Additionally, there 
were relatively few interactions between adult females and other individuals in the 
networks aside from their nursing offspring.  This further contributed to the difference in 
centrality between males and females.  Male centrality was found in two out of the three 
time periods in which addra were observed.  I also found for one time period that 
juveniles had higher node strength than adults.    At this time there were only two 
juveniles, both of whom strongly interacted with each other and their mothers, resulting 
in high network strength.  Although these juveniles had fewer connections to others in the 
network, the frequency of those interactions was high.  This increased juvenile’s node 
strength which is determined not just by the number of connections but also their weight.   
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Centrality in neighbor association networks was not explained by any of the 
individual characteristics investigated here: sex, age or dominance.  The neighbor 
association networks for addra were well connected and therefore there was little 
variation in node strength in those networks. This indicates that individual addra 
associated equally with all others in the herd regardless of their own sex, age or 
dominance status.  Also, individual addra did not vary greatly in either the interaction or 
association networks with respect to their tendencies to form cliques.  Almost all of the 
addra had clustering coefficients close to 1.0, indicating that animals in the social 
networks were generally well connected to others.  In other words, addra often formed 
triads with other individuals in the herd.  Due to this low variation, an individual’s 
tendency to cluster with others could not be explained by characteristics such as sex, age 
or dominance. 
When the herd was the largest, with many juveniles and subadults, there was a 
strong correlation between age class and interaction rate.  Animals of each age class 
preferred to interact with other members of that age class.  In addition to preference for 
similar-aged partners, addra mothers and offspring were more likely to show strong 
affiliative interactions with each other than was expected by chance.  While it is not 
surprising for females and their nursing offspring to have high interaction rates, some of 
the strong mother-offspring neighbor associations were between adult females and their 
adult daughters. Addra affiliative interaction networks showed sub-groups characterized 
by high levels of relatedness which, like partner preference, was likely driven by mother-
offspring interactions.  These sub-groups included mothers and their juvenile offspring, 
as well as mothers and their subadult or adult offspring.  Although evidence for persistent 
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mother-daughter connections has not been documented previously in this species, it is 
consistent with the expectations of the matrilineal social organization that characterizes 
many gregarious ungulates and it is likely that this species shows persistent mother-
daughter associations in the wild. 
Neighbor networks reflect preferences of actors in the network for close spatial 
proximity with specific individuals.  Young addra physically clustered in groups close to 
each other and likewise adults tended to form groups with the other adults including the 
single adult male in the herd.  The spatial sub-grouping of juveniles seen in this herd may 
be a reflection of the creching behavior of young calves (Alados and Escos 1991).   
Considering the three levels of organization together, the social structure of this 
herd of addra consisted of a central adult male connected to females who interacted 
frequently with their offspring and formed interacting sub-groups with their close female 
relatives.  Interaction preferences were not necessarily reflected in the association 
preferences of the herd, however.  The herd organized itself in space by age rather than 
relatedness, with juveniles being separated spatially from the adults. 
 
Roan 
Factors contributing to the social structure of roan were more difficult to resolve 
than in addra.  Sex and age were the most consistent factors explaining interaction and 
association patterns.  As in addra, the adult roan male was very central in the networks.  
He had many strong connections, most with the adult females in the herd.  The central 
tendency of the male was seen in the association networks of the herd but not the 
affiliative interaction network, indicating that while males had many neighbors they did 
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not necessarily interact frequently with the individuals nearby. Juveniles had higher 
centrality in the herd than the adults.  As in addra, roan juveniles were often found in 
close proximity to each other as well as their mothers. This probably accounts for 
juveniles having higher centrality than their mothers, since mothers had few network 
connections other than with their offspring and the adult male. 
The dyadic preferences of the roan herd showed that they generally did not prefer 
to interact or associate with other individuals based solely on age, sex or dominance. This 
was consistent with predictions. Interaction rate and association index were correlated 
with relatedness positively and negatively in different networks, and in one neighbor 
network I found a preference for opposite-sex neighbors.  The distributions of strong 
connections in neighbor networks revealed a different pattern.  Instead of a preference for 
proximity to unrelated partners, the particularly strong associations were found between 
half-siblings  This disagreement in the factors contributing to the network structure 
indicate a somewhat random partner preference in this herd. 
The roan herd formed sub-groups that could not be categorized on the basis of 
age, sex, dominance or kinship.    It is possible that this is a result of the choice of sub-
group identification criteria or small sample size. In two of the networks where sub-
groups were found, there were only two members in one or more of the sub-groups, 
making testing for differences in age and dominance between groups impossible.  It is 
also possible that sub-groups, if they are socially significant in roan, are based on 
characteristics other than the ones I investigated here. 
Age and sex appear to be important influences on social organization of roan.  
The social interactions and neighbor preferences of the study herd were heavily 
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influenced by the preferences of adults for interactions or associations with adults of the 
opposite sex.  Additionally, juveniles associated with each other strongly, as did 
subadults.  Higher level organization in the form of sub-groups remains enigmatic, as 
sub-groups based on modularity could be identified but could not be explained by 
differences in age, sex or dominance. 
Species comparisons 
Previous studies of the natural history of addra and roan antelope indicated that 
they share many features of their general social organization.  Therefore, I did not predict 
large differences between them in the measures and patterns studied here.  While both 
herds shared the characteristic of having central males in their social networks, there were 
few other clear similarities in their social network structure.   
One surprising commonality between these two species was that the pattern of 
direct affiliative interactions was seldom similar to the pattern of neighbor associations.  
This implies that animals of both species use different criteria for whom they socially 
interact with versus for whom they prefer to be close to spatially.  This is an important 
distinction and is one that is often neglected in behavioral studies of social groups, 
especially in recent social network studies.  Many of these studies, for practical reasons, 
use association as a proxy for social preferences (Whitehead 2008, Krause et al. 2009, 
Sih et al. 2009); however here I found that these two types of connections may reveal 
very different social processes.  It is therefore important for researchers to obtain 
adequate data to characterize both types of processes.   
One concern in attempting to use direct interactions in traditional analyses is that 
many behaviors are too rare to adequately measure interaction rates (Whitehead 2008).  
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In social networks analysis, rare interactions can be summarized in binary (un-weighted 
networks)  where the presence of an interaction can be scored as 1/0 (Wasserman and 
Faust 1994).  In this kind of network, 1 indicates that an interaction was observed 
between two members of a dyad and 0 indicates no interaction was observed.  Many 
similar measures to those used here can be constructed with these kinds of networks and 
similar patterns can be resolved without the use of interaction rates (Wasserman and 
Faust 1994).  Subsequent studies are needed to address directly the questions of how and 
why partners in direct interactions and nearest neighbors differ so greatly, as well as in 
exactly what circumstances would this pattern be expected?  The answers to these 
questions would help future researchers select the most appropriate social connections to 
measure. 
In addition to showing differences between interaction and neighbor networks, 
both the roan and the addra herds varied between time periods in the patterns that 
characterized their social structure.  This may be due to statistical issues or a true 
difference between the herds over time.  Over the course of the study both herds changed 
in number considerably, from 8 to 14 in the addra herd, and from 8 to 12 in the roan.  In 
both species when the herds were the largest, June 2010 for addra and January A for roan, 
patterns in their node attributes and social preferences were more easily detected.  In both 
of these time periods, there were many individuals of each class, allowing for greater 
statistical power; whereas in other time periods males and juveniles were 
underrepresented in the herds.  Alternatively, the variation between time periods may 
reflect seasonal variation in the social dynamics governing these species’ social structure.  
In the wild, addra vary greatly in herd composition, ranging from solitary males to small 
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groups to herds numbering in the hundreds (Jarman 1974, Wacher et al. 2007, Newby et 
al. 2008).  These changes in herd composition are the result of variation in resource 
availability in their desert and semi-desert habitats (Jarman 1974, Newby 1974, Cuzin 
1996).  Depending on resource availability, addra herds may break into very small sub-
units of matrilinealy-related females, similar to the sub-group divisions observed here in 
the August 2009 and June 2010 time periods.  Roan, conversely, had a more stable herd 
organization throughout the year, with smaller changes in herd size and sexual 
composition.  It appears that sub-groups, although identifiable in the roan herd studied 
here, may not be socially important for this species as in the wild they do not typically 
break into herds smaller than those in the current study (Jarman 1974, Allsopp 1979). 
Additionally, addra are described as seasonal breeders, and it is possible that 
females or males in this species are only seasonally fertile (Alados and Escos 1991), 
which may affect their patterns of social interactions.  The addra male for example was 
found to be very central in the networks of August 2009 and January 2010, when it was 
unlikely that females were pregnant.  Interactions between the adult male and adult 
females were more common giving him higher strength at these times.  For this particular 
addra herd, birth records indicated that reproduction peaked in the spring.  In the June 
2010 herd, at the close of breeding season, the adult male was generally less active 
possibly indicating that the majority of the females in the herd were already pregnant at 
the time.  This resulted in him having lower centrality than in the other two time periods.   
This roan herd, alternatively, reproduced year round.  Roan do not typically 
reproduce seasonally (Dittrich 1972), so the adult male in this herd would be expected to 
maintain more heavily weighted connections with more females throughout the year.  
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Although sex did not explain centrality of individuals in every time period, the adult male 
of the herd was consistently the individual with highest node strength in the herd 




In addition to the theoretical considerations discussed here, a social networks 
approach provides a useful methodological framework for characterizing the social 
organization of captive animal groups, and may provide information important for 
optimal captive management.  This approach provided a large quantity of data in a 
relatively short time frame, enabling me to resolve several interesting features of the 
social organization of these species.  Managers could potentially implement similar 
techniques to evaluate changes in social dynamics during juvenile development and when 
group composition is changed for management purposes (e.g., the removal of juveniles, 
introduction of new individuals for breeding purposes). This social network approach is 
being used, for example, in captive macaques to analyze and eventually predict the 
occurrence of large scale deleterious aggression know as “cage wars” (McCowan et al. 
2008). In this study the authors evaluated the social characteristics of rhesus monkey 
networks that preceded cage wars and found that groups that had more even distributions 
of matrilines had less frequent aggression and lower incidence of cage wars.  The authors 
also indicated future plans to develop models based on manipulations of the composition 
of rhesus groups to minimize aggression. Similar predictive models could be developed 
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for a wide range of gregarious species to help captive managers maintain social groups in 
a more natural manner and reduce stress on animals due to lack of social cohesion. 
   Utilization of this analytical approach and the tools it provides could assist 
managers in identifying particular key individuals that could be removed from a 
particular group with little impact on its stability.  Also, by looking at the patterns of 
aggressive interactions in network form, managers could identify types of individuals that 
are particularly disruptive to social cohesion.  With manipulations of social groups 
theoretical questions about the dynamics of whole social units could also be addressed (as 
was done here) in shorter periods of time than has previously been the case using 
traditional behavioral study methods.  Social networks analysis provides a new, powerful 
method to characterize animal groups because it allows researchers to investigate social 
processes in whole groups simultaneously rather than focusing solely on dyadic 










Table 1.  Characteristics of two ungulate species of interest. 













Social organization classification Territory defense polygyny





Group size (as average, 
(migratory)) 
5-20, (hundreds)
7, 9, 10 
5-20, (50)
2, 10 
Habitat type Grassland, sparsely wooded 
savannah, desert steppes
1,3 
Wooded savannah and 
grasslands
4 
Current range Fragmented areas south of the 
Sahel
1,3 
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Table 2.  Summary of applicable predicted organization patterns in relation to network measures. 
  Level of Social Network Organization  
Explanatory 
Factors 
Predicted Pattern Individual node Dyad Sub-group 
Kinship Kin-attractiveness   Strong preference for 
close kin  
Kin-based 
sub-groups  
Dominance  Attraction to high 
ranking individuals  
Higher centrality 
of dominants  
Preference for 
dissimilar individuals  
No pattern  
 Attraction to similar 
rank  










Sex Sexual segregation  
Higher centrality 
of males  
Preference for 
opposite sex  
No pattern  
 




Table 3.  Agonistic and affiliative behaviors observed in addra and roan. 
Context Behavior Definition 
Agonistic DISPLACE One individual approaches and a second departs 
 BUTT One individual touches the top of its head or horns to any part of a second 
 CHASE One individual runs behind a second 
 CHARGE One individual abruptly takes a single stride towards a second 
 HEAD LOW Bowing of the head in the direction of another individual 
 CIRCLE Two animals walk in a circle head to tail 
Affiliative SNIFF One individual sniffs any part of another 
 RUB One individual touches its chin or cheek to any part of a second 
 MOUNT One individual assumes copulatory posture on a second 
 FLEHMEN One individual samples the urine of a second followed by stereotyped 
lifting of upper lip and raising of head 
 NURSE One individual attempts or succeeds at suckling on a second 




Table 4.  Summary of addra and roan herd composition over the duration of the study. 
Species Time Period Herd Size Sex Ratio (M:F) Age Ratio (A:SA:J) 
Addra August 2009 10 3:7 8:0:2 
 January 2010 8 2:6 6:0:2 
  June 2010 14 4:10 7:2:4 
Roan August 2009 10 2:8 6:0:4 
 January A 2010 12 3:9 6:4:2 
 January B 2010 8 2:6 6:0:2 
  June 2010 9 2:7 6:0:3 
Herd size is the number of all individuals in the enclosure in the enclosure during each time point.  Sex 
ratio is given as the ratio of males to females (M: F). The age distribution of the herds are shown as the 





Table 5.  Effects for individual social network measures in affiliative interaction networks of addra. 
Individual Social 
Attribute Time Period Factor F ratio p 
Node Strength August 2009 Sex 51.346 <0.001 
  Age 18.026 0.005 
  Dominance 0.255 0.631 
 January 2010 Sex 15.255 0.018 
  Age 0.653 0.464 
  Dominance 8.273 0.045 
 June 2010 Sex 0.041 0.844 
  Age 0.560 0.590 
  Dominance 0.239 0.636 
Node Clustering 
Coefficient August 2009 Sex 1.146 0.326 
  Age 1.341 0.291 
  Dominance 0.987 0.359 
 January 2010 Sex 2.632 0.180 
  Age 0.024 0.884 
  Dominance 0.644 0.467 
 June 2010 Sex 1.092 0.323 
  Age 0.555 0.592 
   Dominance 0.309 0.591 




Table 6.  Effects for individual social network measures in nearest neighbor association networks of addra. 
Individual Social 
Attribute Time Period Factor F ratio p 
Node Strength August 2009 Sex 1.901 0.217 
  Age 4.532 0.077 
  Dominance 2.813 0.145 
 January 2010 Sex 3.701 0.127 
  Age 5.256 0.084 
  Dominance 9.805 0.035 
 June 2010 Sex 0.048 0.831 
  Age 0.878 0.448 
  Dominance 0.831 0.386 
Node Clustering 
Coefficient August 2009 Sex 0.374 0.563 
  Age 0.277 0.618 
  Dominance 0.016 0.905 
 June 2010 Sex 0.684 0.429 
  Age 0.051 0.951 
   Dominance 0.165 0.694 






Table 7.  Quadratic Assignment Procedure (QAP) analysis on addra affiliative interaction and nearest neighbor association networks. 
Network Time Period Model Age Class Dominance Relatedness Sex 
  p RQAP p RQAP p RQAP p RQAP p 
Affiliative 
Interaction 
August 2009 0.068 -0.006 0.417 0.037 0.333 0.265 0.072 0.031 0.494 
 
January 2010 0.001 -0.007 0.500 0.048 0.374 0.288 0.072 -0.530 0.019 
 
June 2010 0.006 0.166 0.067 -0.114 0.138 0.042 0.336 0.112 0.159 
Neighbor 
Association 
August 2009 0.069 -0.183 0.206 -0.190 0.143 -0.142 0.184 0.134 0.229 
 June 2010 >0.001 0.502 >0.001 -0.153 0.065 0.160 0.044 0.056 0.255 








Table 8.  Distributions of strong connections in addra affiliative interaction networks. 
Factor Connection Type August 2009 January 2010 June 2010 
  Obs. Exp. χ² p Obs. Exp. χ² p Obs. Exp. χ² p 
Sex M-F 8 4.200   2 2.357   7 6.154   
 M-M 1 0.600   1 0.214   2 0.923   
 F-F 0 4.200 7.905 0.019 1 3.429 4.655 0.098 5 6.923 1.907 0.385 
Kinship UR 5 5.000   3 3.429   4 4.769   
 Mat. 1 2.200   0 1.071   2 3.077   
 M-O 2 1.000   2 0.643   6 1.385   
 F-O 0 0.400   0 0.429   0 1.077   
 P sib. 1 0.200   1 0.214   2 3.077   
 M sib. 0 0.200   0 0.214   0 0.462   
 Full sib. NA - 5.455 0.363 NA - 7.514 0.185 0 0.154 17.955 0.006 
Age Class A-A 5 5.600   2 3.214   4 3.231   
 A-SA NA -   NA -   3 2.154   
 A-J NA -   NA -   5 5.385   
 SA-SA 3 3.200   3 2.571   0 0.154   
 SA-J NA -   NA -   0 1.538   
 J-J 1 0.200 3.277 0.194 1 0.214 3.411 0.182 3 1.538 3.624 0.605 
Distributions of observed (Obs.) and expected (Exp.) strong connections in the affiliative interaction network of addra categorized by sex (male-male (M-M), 
male-female (M-F), female-female (F-F)), kinship (unrelated (UR)), matrilineal other than mother-offspring or maternal sibling (Mat.), mother-offspring (M-O), 
father-offspring (F-O), paternal half-siblings (P sib.), maternal half-sibling (M sib.) and full-siblings (Full sib.).  Factors marked in bold were significant at the 








Table 9.  Distributions of strong connections in addra neighbor association networks. 
Factor Connection Type August 2009 January 2010 June 2010 
  Obs. Exp. χ² p Obs. Exp. χ² p Obs. Exp. χ² p 
Sex M-F 5 3.733   3 1.964   5 8.352   
 M-M 1 0.533   0 0.179   3 1.253   
 F-F 2 3.733 1.643 0.440 2 2.857 0.982 0.612 11 9.396 4.056 0.132 
Kinship UR 2 4.444   2 2.857   6 6.473   
 Mat. 1 1.956   0 0.893   3 4.176   
 M-O 3 0.889   2 0.536   4 1.879   
 F-O 0 0.356   0 0.357   0 1.462   
 P sib. 1 0.178   1 0.179   6 4.176   
 M sib. 1 0.178   0 0.179   0 0.626   
 Full sib. NA - 14.786 0.011 NA - 9.467 0.092 0 0.209 5.853 0.440 
Age Class A-A 4 4.978   3 2.679   9 4.385   
 A-SA NA -   NA -   3 2.923   
 A-J 3 2.844   2 2.143   0 7.308   
 SA-SA NA -   NA -   1 0.209   
 SA-J NA -   NA -   2 2.088   
  J-J 1 0.178 4.003 0.135 1 0.179 3.827 0.148 4 2.088 16.921 0.005 
Distributions of observed (Obs.) and expected (Exp.) strong connections in the neighbor association network of addra categorized by sex (male-male (M-M), 
male-female (M-F), female-female (F-F)), kinship (unrelated (UR)), matrilineal other than mother-offspring or maternal sibling (Mat.), mother-offspring (M-O), 
father-offspring (F-O), paternal half-siblings (P sib.), maternal half-sibling (M sib.) and full-siblings (Full sib.).  Factors marked in bold were significant at the 













M Sex Age Dominance Relatedness 
      
Fisher’s 





0.422 1.000 2.000 0.032 6.000 0.222 0.342 0.042 
January 
2010 
0.279 - - - - - - - 
June 
2010 













0.329 0.2448 21.000 <0.001 5.000 0.013 0.089 0.811 
Maximum modularity (Max. M) scores used to identify the presence of “useful” groups in addra affiliative 
interaction and neighbor association networks.  At the value where maximum modularity was greater than 
0.300 (marked in bold) the herds were divided into sub-groups and groups were tested for sex distribution, 
mean age, dominance (mean DS) (Mann-Whitney U test) and relatedness (Mantel test).   Factors marked in 





Table 11.  Effects for individual social network measures in affiliative interaction networks of roan. 
Individual Social 
Attribute Time Period Factor F ratio p 
Node Strength August 2009 Sex 0.883 0.384 
 Age 0.001 0.973 
 Dominance 0.123 0.737 
 January A 2010 Sex 1.656 0.239 
 Age 0.933 0.437 
 Dominance 3.630 0.098 
 January B 2010 Sex 0.731 0.441 
 Age 0.165 0.706 
 Dominance 0.654 0.464 
 June 2010 Sex 1.635 0.257 
 Age 0.077 0.793 
 Dominance 3.457 0.122 
Node Clustering 
Coefficient 
August 2009 Sex 0.174 0.691 
 Age 0.002 0.962 
 Dominance 0.894 0.381 
 January A 2010 Sex 0.091 0.771 
 Age 0.225 0.804 
 Dominance 1.985 0.202 
 January B 2010 Sex 7.449 0.052 
 Age 0.058 0.822 
 Dominance 0.097 0.771 
 June 2010 Sex 0.914 0.383 
 Age 0.845 0.400 
  Dominance 0.946 0.376 




Table 12.  Effects for individual social network measures in nearest neighbor association networks of roan.   
Individual Social 
Attribute Time Period Factor F ratio p 
Node Strength August 2009 Sex 3.424 0.114 
 Age 7.058 0.038 
 Dominance 0.229 0.649 
 January A 2010 Sex 10.548 0.014 
 Age 3.879 0.073 
 Dominance 0.967 0.358 
 January B 2010 Sex 19.783 0.011 
 Age 60.520 0.001 
 Dominance 51.809 0.002 
 June 2010 Sex 5.015 0.075 
 Age 1.330 0.301 
 Dominance 2.663 0.164 
Node Clustering 
Coefficient 
August 2009 Sex 0.515 0.500 
 Age 0.006 0.942 
 Dominance 0.000 0.999 
 January A 2010 Sex 1.169 0.315 
 Age 0.419 0.673 
 Dominance 0.837 0.391 
 January B 2010 Sex 0.171 0.701 
 Age 0.134 0.733 
 Dominance 0.005 0.947 
 June 2010 Sex 1.727 0.246 
 Age 1.872 0.230 
  Dominance 1.446 0.283 




Table 13.  Quadratic Assignment Procedure (QAP) analysis on roan affiliative interaction and nearest 
neighbor association networks.    
Network 
Time 
Period Model Age Class Dominance Relatedness Sex 





0.019 -0.022 0.460 0.030 0.439 0.291 0.022 0.198 0.180 
January A 
2010 
0.004 0.193 0.135 0.112 0.241 0.270 0.011 0.153 0.164 
January B 
2010 
0.014 -0.502 0.027 -0.220 0.135 0.090 0.292 -0.184 0.092 






0.048 0.070 0.339 0.272 0.057 -0.046 0.399 -0.018 0.489 
January A 
2010 
0.033 -0.109 0.186 -0.179 0.085 -0.057 0.345 0.104 0.171 
January B 
2010 
0.005 0.292 0.027 0.055 0.399 -0.139 0.236 -0.415 0.023 
June 2010 <0.001 0.289 0.061 -0.431 0.016 -0.321 0.006 -0.305 0.004 




Table 14.  Distributions of strong connections in roan affiliative interaction networks. 
Factor Connection Type August 2009 January A 2010 January B 2010 June 2010 
    Obs. Exp. χ² p Obs. Exp. χ² p Obs. Exp. χ² p Obs. Exp. χ² p 
Sex M-F 4 2.133   8 3.682   2 1.714   4 1.944   
 M-M 0 0.133   0 0.409   1 0.143   0 0.139   
 F-F 2 3.733 2.571 0.276 1 4.909 8.586 0.014 1 2.143 5.800 0.055 1 2.917 3.571 0.168 
Kinship UR 2 2.800   4 3.682   2 2.429   4 2.639   
 Mat. 0 0.800   0 1.091   0 0.429   0 0.694   
 M-O 2 0.667   1 0.955   1 0.429   1 0.556   
 F-O 2 0.533   3 0.818   1 0.286   0 0.417   
 P sib. 0 0.800   1 1.909   0 0.143   0 0.417   
 M sib. 0 0.400   0 0.409   0 0.286   0 0.278   
 Full sib. NA - 5.233 0.112 0 0.136 0.978 0.244 NA - 2.214 0.626 NA - 1.111 0.721 
Age Class A-A 2 2.000   4 2.045   2 2.143   4 2.083   
 A-SA NA -   3 3.273   NA -   NA -   
 A-J 4 3.200   1 1.636   2 1.714   1 2.500   
 SA-SA NA -   0 0.818   NA -   NA -   
 SA-J NA -   0 1.091   NA -   NA -   
  J-J 0 0.800 1.000 0.607 1 0.136 7.379 0.090 0 0.143 0.200 0.905 0 0.417 3.080 0.214 
Distributions of observed (Obs.) and expected (Exp.) strong connections in the affiliative interaction network of roan categorized by sex (male-male (M-M), 
male-female (M-F), female-female (F-F)), kinship (unrelated (UR)), matrilineal other than mother-offspring or maternal sibling (Mat.), mother-offspring (M-O), 
father-offspring (F-O), paternal half-siblings (P sib.), maternal half-sibling (M sib.) and full-siblings (Full sib.).  Factors marked in bold were significant at the 








Table 15.  Distributions of strong connections in roan neighbor association networks. 
Factor Connection Type August 2009 January A 2010 January B 2010 June 2010 
    Obs Exp χ² p Obs Exp. χ² p Obs Exp. χ² p Obs Exp χ² p 
Sex M-F 1 2.84   4 3.68   3 1.29   3 2.33   
 M-M 1 0.18   1 0.41   0 0.11   0 0.17   
 F-F 6 4.98 5.209 0.074 4 4.91 1.049 0.592 0 1.61 4.000 0.135 3 3.50 0.429 0.807 
Kinship UR 0 3.73   1 3.68   2 1.82   1 3.17   
 Mat. 1 1.07   0 1.09   0 0.32   0 0.83   
 M-O 0 0.89   2 0.96   0 0.32   0 0.67   
 F-O 1 0.71   0 0.82   0 0.21   0 0.50   
 P sib. 5 1.07   5 1.91   1 0.11   3 0.50   
 M sib. 0 0.53   1 0.41   0 0.21   2 0.33   
 Full sib. NA - 15.15 0.001 0 0.14 5.994 0.088 NA - 7.869 0.129 NA - 21.33 <0.001 
Age Class 
  
A-A 1 2.67   3 2.05   1 1.61   3 2.50   
A-SA NA -   1 3.27   NA -   NA -   
A-J 2 4.27   1 1.64   1 1.29   0 3.00   
SA-SA NA -   3 0.82   NA -   NA -   
SA-J NA -   0 1.10   NA -   NA -   
J-J 5 1.07 16.75 <0.001 1 0.14 12.38 0.012 1 0.11 7.733 0.021 3 0.50 15.60 <0.001 
Distributions of observed (Obs.) and expected (Exp.) strong connections in the neighbor association networks of roan categorized by sex (male-male (M-M), 
male-female (M-F), female-female (F-F)), kinship (unrelated (UR)), matrilineal other than mother-offspring or maternal sibling (Mat.), mother-offspring (M-O), 
father-offspring (F-O), paternal half-siblings (P sib.), maternal half-sibling (M sib.) and full-siblings (Full sib.).  Factors marked in bold were significant at the 













M Sex Age Dominance Relatedness 
      
 
Fisher’s 





0.334 1.000 - - - - 0.231 0.052 
January 
A 2010 
0.193 - - - - - - - 
January 
B 2010 





















0.351 1.000 4.00 0.191 2.00 0.064 0.327 0.084 
Maximum modularity (Max. M) scores used to identify the presence of “useful” groups in addra affiliative 
interaction and neighbor association networks.  At the value where maximum modularity was greater than 
0.300 (marked in bold) the herds were divided into sub-groups and groups were tested for sex distribution, 
mean age, dominance (mean DS) (Mann-Whitney U test) and relatedness (Mantel test).   Factors marked in 








Figure 1.  Addra August 2009 social networks. 
Edges with higher than network average weights are shown, line thickness denotes relative weight in the 
network in the form of interaction rate or association index.  Networks formed through affiliative 
interactions are shown on the top and that formed by nearest neighbor associations are shown on the 
bottom.  Males are denoted in blue while females are red.  Additionally, adults are shown as circles, 




Figure 2.  Addra January 2010 social networks. 
Edges with higher than network average weights are shown, line thickness denotes relative weight in the 
network in the form of interaction rate or association index.  Networks formed through affiliative 
interactions are shown on the top and that formed by nearest neighbor associations are shown on the 
bottom.  Males are denoted in blue while females are red.  Additionally, adults are shown as circles, 




Figure 3.  Addra June 2010 social networks. 
Edges with higher than network average weights are shown, line thickness denotes relative weight in the 
network in the form of interaction rate or association index.  Networks formed through affiliative 
interactions are shown on the top and that formed by nearest neighbor associations are shown on the 
bottom.  Males are denoted in blue while females are red.  Additionally, adults are shown as circles, 





Figure 4.  Addra node attribute means. 
Means and standard errors of node strength of addra affiliative interaction networks (a, c) and neighbor 
association networks (b, d) for each time point.  Males (grey bars) are compared to females (black bars) (a, 
b), and age classes are compared (adults-black; subadults-light grey; juveniles-dark grey) (c, d).  * indicate 









Figure 5.  Roan August 2009 social networks. 
Edges with higher than network average weights are shown, line thickness denotes relative weight in the 
network in the form of interaction rate or association index.  The network formed through affiliative 
interactions are shown on the top and that formed by nearest neighbor associations are shown on the 
bottom.  Males are denoted in blue while females are red.  Additionally, adults are shown as circles, 




Figure 6.  Roan January A 2010 social network. 
Edges with higher than network average weights are shown, line thickness denotes relative weight in the 
network in the form of interaction rate or association index.  The network formed through affiliative 
interactions are shown on the top and that formed by nearest neighbor associations are shown on the 
bottom.  Males are denoted in blue while females are red.  Additionally, adults are shown as circles, 




Figure 7.  Roan January B 2010 social network. 
Edges with higher than network average weights are shown, line thickness denotes relative weight in the 
network in the form of interaction rate or association index.  The network formed through affiliative 
interactions are shown on the top and that formed by nearest neighbor associations are shown on the 
bottom.  Males are denoted in blue while females are red.  Additionally, adults are shown as circles, 




Figure 8.  Roan June 2010 social networks. 
Edges with higher than network average weights are shown, line thickness denotes relative weight in the 
network in the form of interaction rate or association index.  The network formed through affiliative 
interactions are shown on the top and that formed by nearest neighbor associations are shown on the 
bottom.  Males are denoted in blue while females are red.  Additionally, adults are shown as circles, 




Figure 9.  Roan node attribute means. 
Means and standard errors of node strength of roan affiliative interaction networks (a, c) and neighbor 
association networks (b, d) for each time point.  Males (grey bars) are compared to females (black bars) (a, 
b), and age classes are compared (adults-black; subadults-light grey; juveniles-dark grey) (c, d).  * indicate 






Sample Data Collection Sheet, Interaction and Association Matrices, Individual Attributes 
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Addra Affiliative Interaction Rate August 2009 
 
Addra Affiliative Interaction Rate January 2010 
 
B G12 GY H W W3 Y YW 
B 0.000 0.000 0.141 0.394 0.000 0.000 0.000 0.000 
G12 0.000 0.000 0.000 0.311 0.000 0.000 0.038 0.000 
GY 0.141 0.000 0.000 0.076 0.638 0.667 0.218 1.308 
H 0.394 0.311 0.076 0.000 0.706 0.000 0.122 0.354 
W 0.000 0.000 0.638 0.706 0.000 0.735 0.000 0.000 
W3 0.000 0.000 0.667 0.000 0.735 0.000 0.036 0.069 
Y 0.000 0.038 0.218 0.122 0.000 0.036 0.000 0.000 
YW 0.000 0.000 1.308 0.354 0.000 0.069 0.000 0.000 
 
Addra Affiliative Interaction Rate June 2010 
 




2 WR Y Y12 YW 
B 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.03 0.00 0.03 0.14 0.00 0.03 0.00 
G12 0.00 0.00 0.04 0.10 0.00 0.24 0.00 0.03 0.00 0.00 0.00 0.03 0.00 0.03 
G17 0.04 0.04 0.00 0.09 0.66 0.04 0.00 0.00 0.15 0.15 0.04 0.08 0.07 0.00 
H 0.00 0.10 0.09 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.18 
R 0.00 0.00 0.66 0.00 0.00 0.07 0.04 0.00 0.08 0.04 0.00 0.00 0.07 0.00 
RW 0.00 0.24 0.04 0.00 0.07 0.00 0.00 0.12 0.00 0.08 0.00 0.03 0.08 0.05 
W 0.00 0.00 0.00 0.03 0.04 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.13 
W2
3 0.03 0.03 0.00 0.00 0.00 0.12 0.03 0.00 0.03 0.05 0.02 0.00 0.12 0.15 
W3 0.00 0.00 0.15 0.00 0.08 0.00 0.00 0.03 0.00 0.03 0.08 0.11 0.03 0.03 
WO
2 0.03 0.00 0.15 0.00 0.04 0.08 0.00 0.05 0.03 0.00 0.03 0.03 0.00 0.00 
WR 0.14 0.00 0.04 0.00 0.00 0.00 0.00 0.02 0.08 0.03 0.00 0.00 0.12 0.00 
Y 
0.00
0 0.03 0.08 0.00 0.00 0.03 0.00 0.00 0.11 0.03 0.00 0.00 0.37 0.00 
Y12 0.03 0.00 0.07 0.00 0.07 0.07 0.00 0.12 0.03 0.00 0.12 0.37 0.00 0.00 




B G12 G17 H P W WO Y YW YW9 
B 0.000 0.000 0.000 0.330 0.000 0.000 0.080 0.027 0.030 0.186 
G12 0.000 0.000 0.000 0.551 0.000 0.000 0.029 0.000 0.029 0.000 
G17 0.000 0.000 0.000 0.115 0.000 0.053 0.236 0.026 0.029 0.079 
H 0.330 0.551 0.115 0.000 1.092 0.202 0.029 0.177 0.187 0.000 
P 0.000 0.000 0.000 1.092 0.000 0.000 0.000 0.000 0.000 0.000 
W 0.000 0.000 0.053 0.202 0.000 0.000 0.154 0.026 0.000 0.283 
WO 0.080 0.029 0.236 0.029 0.000 0.154 0.000 0.052 0.000 0.350 
Y 0.027 0.000 0.026 0.177 0.000 0.026 0.052 0.000 0.059 0.156 
YW 0.030 0.029 0.029 0.187 0.000 0.000 0.000 0.059 0.000 0.030 
YW9 0.186 0.000 0.079 0.000 0.000 0.283 0.350 0.156 0.030 0.000 
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Roan Affiliative Interaction Rate August 2009 
 
G14 G21 O O13 O23 P R WG Y YO 
G14 0.000 0.000 0.211 0.000 0.000 0.035 0.000 0.000 0.000 0.000 
G21 0.000 0.000 0.104 0.000 0.000 0.000 0.000 0.233 0.034 0.000 
O 0.211 0.104 0.000 0.365 0.523 0.102 0.037 0.000 0.333 0.099 
O13 0.000 0.000 0.365 0.000 0.400 0.072 0.000 0.000 0.000 0.036 
O23 0.000 0.000 0.523 0.400 0.000 0.000 0.000 0.000 0.000 0.000 
P 0.035 0.000 0.102 0.072 0.000 0.000 0.000 0.000 0.000 0.000 
R 0.000 0.000 0.037 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
WG 0.000 0.233 0.000 0.000 0.000 0.000 0.000 0.000 0.032 0.000 
Y 0.000 0.034 0.333 0.000 0.000 0.000 0.000 0.032 0.000 0.033 
YO 0.000 0.000 0.099 0.036 0.000 0.000 0.000 0.000 0.033 0.000 
 
Roan Affiliative Interaction Rate January A 2010 
 
ET G14 G21 LG O O13 O23 P R WG Y YO 
ET 0.000 0.000 0.000 0.397 0.258 0.000 0.089 0.048 0.044 0.129 0.000 0.000 
G14 0.000 0.000 0.090 0.084 0.464 0.000 0.000 0.000 0.086 0.000 0.084 0.044 
G21 0.000 0.090 0.000 0.000 0.264 0.049 0.000 0.101 0.000 0.043 0.000 0.000 
LG 0.397 0.084 0.000 0.000 0.252 0.000 0.043 0.494 0.042 0.041 0.040 0.162 
O 0.258 0.464 0.264 0.252 0.000 0.273 0.931 1.190 0.476 1.135 0.830 0.255 
O13 0.000 0.000 0.049 0.000 0.273 0.000 0.045 0.000 0.000 0.000 0.000 0.000 
O23 0.089 0.000 0.000 0.043 0.931 0.045 0.000 0.000 0.000 0.220 0.126 0.222 
P 0.048 0.000 0.101 0.494 1.190 0.000 0.000 0.000 0.000 0.000 0.090 0.048 
R 0.044 0.086 0.000 0.042 0.476 0.000 0.000 0.000 0.000 0.043 0.000 0.000 
WG 0.129 0.000 0.043 0.041 1.135 0.000 0.220 0.000 0.043 0.000 0.083 0.164 
Y 0.000 0.084 0.000 0.040 0.830 0.000 0.126 0.090 0.000 0.083 0.000 0.124 
YO 0.000 0.044 0.000 0.162 0.255 0.000 0.222 0.048 0.000 0.164 0.124 0.000 
 
Roan Affiliative Interaction Rate January B 2010 
 
ET G14 G21 LG O O13 P R 
ET 0.000 0.043 0.046 0.330 0.768 0.047 0.088 0.000 
G14 0.043 0.000 0.000 0.043 0.273 0.046 0.000 0.177 
G21 0.046 0.000 0.000 0.000 0.332 0.049 0.046 0.000 
LG 0.330 0.043 0.000 0.000 0.266 0.000 1.429 0.216 
O 0.768 0.273 0.332 0.266 0.000 0.604 0.413 1.737 
O13 0.047 0.046 0.049 0.000 0.604 0.000 0.000 0.000 
P 0.088 0.000 0.046 1.429 0.413 0.000 0.000 0.000 











Roan Affiliative Interaction Rate June 2010 
 
ET G14 G21 LG LV O O13 P R 
ET 0.000 0.000 0.000 0.000 0.055 0.000 0.028 0.029 0.000 
G14 0.000 0.000 0.000 0.000 0.000 0.125 0.000 0.000 0.000 
G21 0.000 0.000 0.000 0.000 0.000 1.065 0.000 0.000 0.000 
LG 0.000 0.000 0.000 0.000 0.054 0.065 0.000 0.202 0.000 
LV 0.055 0.000 0.000 0.054 0.000 0.032 0.000 0.000 0.028 
O 0.000 0.125 1.065 0.065 0.032 0.000 0.531 0.000 0.210 
O13 0.028 0.000 0.000 0.000 0.000 0.531 0.000 0.000 0.000 
P 0.029 0.000 0.000 0.202 0.000 0.000 0.000 0.000 0.000 
R 0.000 0.000 0.000 0.000 0.028 0.210 0.000 0.000 0.000 
 
Addra Agonistic Interaction Rate August 2009 
 
H YW G12 G17 W B Y WO YW9 P 
H 0.000 0.031 0.061 0.144 0.000 0.180 0.089 0.000 0.029 0.000 
YW 0.000 0.000 0.000 0.000 0.000 0.000 0.030 0.060 0.030 0.094 
G12 0.000 0.235 0.000 0.170 0.455 0.116 0.203 0.114 0.143 0.360 
G17 0.000 0.058 0.000 0.000 0.238 0.000 0.078 0.052 0.026 0.177 
W 0.000 0.357 0.000 0.000 0.000 0.000 0.000 0.026 0.000 0.094 
B 0.000 0.000 0.000 0.192 0.188 0.000 0.109 0.000 0.053 0.089 
Y 0.000 0.030 0.000 0.078 0.234 0.027 0.000 0.104 0.078 0.000 
WO 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
YW9 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
P 0.000 0.283 0.000 0.000 0.000 0.000 0.000 0.000 0.089 0.000 
 
Addra Agonistic Interaction Rate January 2010 
 
H YW G12 W B Y GY W3 
H 0.000 0.157 0.039 0.235 0.039 0.122 0.268 0.000 
YW 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
G12 0.000 0.247 0.000 0.592 0.725 0.450 0.488 0.139 
W 0.000 0.551 0.000 0.000 0.000 0.000 0.106 0.000 
B 0.000 0.292 0.000 0.368 0.000 0.337 0.177 0.035 
Y 0.000 0.074 0.000 0.865 0.000 0.000 0.145 0.109 
GY 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.067 














Addra Agonistic Interaction Rate June 2010 
 
H YW G12 W B Y G17 WO2 W3 RW WR W23 Y12 R 
H 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 
YW 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.00 0.00 0.00 0.00 
G12 0.00 0.14 0.00 0.09 0.03 0.06 0.04 0.00 0.03 0.00 0.00 0.00 0.03 0.00 
W 0.00 0.32 0.00 0.00 0.00 0.08 0.00 0.11 0.00 0.00 0.00 0.03 0.00 0.00 
B 0.00 0.14 0.00 0.06 0.00 0.06 0.08 0.12 0.00 0.00 0.00 0.00 0.03 0.00 
Y 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.03 0.08 0.08 0.03 0.03 0.00 0.00 
G17 0.00 0.07 0.00 0.18 0.00 0.15 0.00 0.00 0.23 0.04 0.00 0.00 0.07 0.00 
WO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.18 0.00 0.08 0.03 0.00 0.00 
W3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.03 0.00 0.00 
RW 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 
WR 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
W23 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Y12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 
R 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
 
Roan Agonistic Interaction Rate August 2009 
 
O G21 R G14 P O13 Y YO WG O23 
O 0.000 0.329 0.104 0.034 0.106 0.365 0.133 0.099 0.032 0.000 
G21 0.000 0.000 0.340 0.182 0.225 0.340 0.182 0.000 0.000 0.071 
R 0.000 0.076 0.000 0.463 0.300 0.196 0.102 0.139 0.000 0.136 
G14 0.000 0.036 0.036 0.000 0.105 0.109 0.000 0.033 0.098 0.101 
P 0.000 0.075 0.038 0.000 0.000 0.151 0.035 0.000 0.068 0.034 
O13 0.000 0.000 0.039 0.000 0.000 0.000 0.110 0.036 0.035 0.036 
Y 0.000 0.036 0.000 0.000 0.000 0.037 0.000 0.033 0.032 0.032 
YO 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
WG 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
O23 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
 
Roan Agonistic Interaction Rate January A 2010 
 
O R G21 P G14 O13 Y YO WG O23 ET LG 
O 0.000 0.106 0.211 1.028 0.206 0.219 0.052 0.357 0.052 0.000 0.052 0.000 
R 0.000 0.000 0.046 0.182 0.903 0.163 0.335 0.173 0.433 0.178 0.310 0.000 
G21 0.000 0.694 0.000 0.456 0.496 0.688 0.623 0.218 0.255 0.096 0.091 0.043 
P 0.000 0.045 0.000 0.000 0.000 0.093 0.090 0.048 0.000 0.000 0.000 0.045 
G14 0.000 0.129 0.045 0.000 0.000 0.514 0.042 0.089 0.399 0.442 0.134 0.000 
O13 0.000 0.000 0.000 0.000 0.000 0.000 0.303 0.184 0.231 0.224 0.231 0.000 
Y 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.041 0.000 0.084 0.000 0.000 
YO 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.041 0.000 0.000 0.000 
WG 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
O23 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.045 0.000 
ET 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.040 




Roan Agonistic Interaction Rate January B 2010 
 
O R G21 P G14 O13 ET LG 
O 0.000 0.267 0.617 0.092 0.228 0.372 0.000 0.089 
R 0.000 0.000 0.000 0.499 1.817 0.366 0.044 0.130 
G21 0.047 1.052 0.000 0.776 0.997 0.691 0.000 0.091 
P 0.046 0.000 0.000 0.000 0.178 0.285 0.088 0.043 
G14 0.000 0.044 0.000 0.045 0.000 0.925 0.043 0.043 
O13 0.000 0.000 0.000 0.000 0.000 0.000 0.140 0.092 
ET 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
LG 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
 
Roan Agonistic Interaction Rate June 2010 
 
O R G21 P G14 O13 ET LG LV 
O 0.000 0.270 0.653 0.064 0.313 0.250 0.065 0.097 0.000 
R 0.000 0.000 0.000 0.270 0.597 0.450 0.224 0.168 0.000 
G21 0.000 0.354 0.000 0.223 0.552 0.702 0.067 0.000 0.000 
P 0.000 0.000 0.000 0.000 0.135 0.194 0.088 0.087 0.029 
G14 0.000 0.025 0.000 0.027 0.000 0.507 0.195 0.055 0.082 
O13 0.000 0.000 0.000 0.000 0.000 0.000 0.475 0.248 0.027 
ET 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
LG 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
LV 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
 
Addra Neighbor Association Index August 2009 
 
B G12 G17 H P W WO Y YW YW9 
B 1.00 0.12 0.27 0.06 0.00 0.10 0.13 0.13 0.01 0.04 
G12 0.12 1.00 0.13 0.23 0.05 0.09 0.07 0.09 0.38 0.06 
G17 0.27 0.13 1.00 0.06 0.00 0.18 0.26 0.21 0.03 0.14 
H 0.06 0.23 0.06 1.00 0.01 0.03 0.15 0.06 0.11 0.08 
P 0.00 0.05 0.00 0.01 1.00 0.01 0.00 0.03 0.11 0.04 
W 0.10 0.09 0.18 0.03 0.01 1.00 0.15 0.11 0.11 0.26 
WO 0.13 0.07 0.26 0.15 0.00 0.15 1.00 0.21 0.04 0.33 
Y 0.13 0.09 0.21 0.06 0.03 0.11 0.21 1.00 0.06 0.17 
YW 0.01 0.38 0.03 0.11 0.11 0.11 0.04 0.06 1.00 0.04 














Addra Neighbor Association Index January 2010 
 
B G12 GY H W W3 Y YW 
B 1.00 0.32 0.14 0.29 0.14 0.05 0.19 0.05 
G12 0.32 1.00 0.10 0.21 0.10 0.10 0.16 0.29 
GY 0.14 0.10 1.00 0.05 0.12 0.30 0.16 0.10 
H 0.29 0.21 0.05 1.00 0.07 0.07 0.17 0.03 
W 0.14 0.10 0.12 0.07 1.00 0.25 0.11 0.02 
W3 0.05 0.10 0.30 0.07 0.25 1.00 0.13 0.05 
Y 0.19 0.16 0.16 0.17 0.11 0.13 1.00 0.07 
YW 0.05 0.29 0.10 0.03 0.02 0.05 0.07 1.00 
 
Addra Neighbor Association Index June 2010 
 
B G12 G17 H R RW W W23 W3 WO2 WR Y Y12 YW 
B 1.00 0.13 0.09 0.00 0.00 0.02 0.13 0.02 0.02 0.05 0.08 0.17 0.01 0.03 
G12 0.13 1.00 0.09 0.12 0.00 0.06 0.14 0.01 0.00 0.01 0.00 0.15 0.00 0.12 
G17 0.09 0.09 1.00 0.01 0.04 0.00 0.04 0.00 0.05 0.12 0.05 0.12 0.00 0.06 
H 0.00 0.12 0.01 1.00 0.00 0.00 0.15 0.02 0.00 0.02 0.00 0.09 0.00 0.23 
R 0.00 0.00 0.04 0.00 1.00 0.03 0.00 0.02 0.01 0.02 0.05 0.00 0.17 0.00 
RW 0.02 0.06 0.00 0.00 0.03 1.00 0.01 0.15 0.26 0.05 0.11 0.01 0.07 0.00 
W 0.13 0.14 0.04 0.15 0.00 0.01 1.00 0.00 0.17 0.16 0.03 0.11 0.00 0.06 
W23 0.02 0.01 0.00 0.02 0.02 0.15 0.00 1.00 0.08 0.07 0.29 0.06 0.22 0.03 
W3 0.02 0.00 0.05 0.00 0.01 0.26 0.17 0.08 1.00 0.16 0.06 0.04 0.06 0.00 
WO2 0.05 0.01 0.12 0.02 0.02 0.05 0.16 0.07 0.16 1.00 0.10 0.11 0.06 0.01 
WR 0.08 0.00 0.05 0.00 0.05 0.11 0.03 0.29 0.06 0.10 1.00 0.03 0.06 0.01 
Y 0.17 0.15 0.12 0.09 0.00 0.01 0.11 0.06 0.04 0.11 0.03 1.00 0.05 0.11 
Y12 0.01 0.00 0.00 0.00 0.17 0.07 0.00 0.22 0.06 0.06 0.06 0.05 1.00 0.00 
YW 0.03 0.12 0.06 0.23 0.00 0.00 0.06 0.03 0.00 0.01 0.01 0.11 0.00 1.00 
 
Roan  Neighbor Association Index August 2009 
 
G14 G21 O O13 O23 P R WG Y YO 
G14 1.00 0.09 0.13 0.08 0.03 0.14 0.09 0.05 0.22 0.02 
G21 0.09 1.00 0.13 0.06 0.03 0.08 0.06 0.20 0.08 0.08 
O 0.13 0.13 1.00 0.06 0.20 0.10 0.16 0.02 0.10 0.27 
O13 0.08 0.06 0.06 1.00 0.11 0.09 0.25 0.11 0.00 0.03 
O23 0.03 0.03 0.20 0.11 1.00 0.03 0.06 0.25 0.21 0.38 
P 0.14 0.08 0.10 0.09 0.03 1.00 0.07 0.03 0.03 0.03 
R 0.09 0.06 0.16 0.25 0.06 0.07 1.00 0.07 0.00 0.04 
WG 0.05 0.20 0.02 0.11 0.25 0.03 0.07 1.00 0.25 0.33 
Y 0.22 0.08 0.10 0.00 0.21 0.03 0.00 0.25 1.00 0.15 








Roan Neighbor Association Index January A  2010 
 
ET G14 G21 LG O O13 O23 P R WG Y YO 
ET 1.00 0.05 0.02 0.44 0.04 0.03 0.13 0.00 0.07 0.02 0.09 0.19 
G14 0.05 1.00 0.05 0.04 0.09 0.05 0.02 0.21 0.09 0.04 0.09 0.02 
G21 0.02 0.05 1.00 0.00 0.14 0.02 0.04 0.05 0.05 0.46 0.02 0.12 
LG 0.44 0.04 0.00 1.00 0.00 0.00 0.00 0.05 0.00 0.00 0.02 0.04 
O 0.04 0.09 0.14 0.00 1.00 0.11 0.10 0.16 0.09 0.08 0.06 0.12 
O13 0.03 0.05 0.02 0.00 0.11 1.00 0.02 0.04 0.18 0.00 0.00 0.05 
O23 0.13 0.02 0.04 0.00 0.10 0.02 1.00 0.05 0.02 0.09 0.13 0.19 
P 0.00 0.21 0.05 0.05 0.16 0.04 0.05 1.00 0.05 0.02 0.02 0.04 
R 0.07 0.09 0.05 0.00 0.09 0.18 0.02 0.05 1.00 0.02 0.02 0.11 
WG 0.02 0.04 0.46 0.00 0.08 0.00 0.09 0.02 0.02 1.00 0.19 0.13 
Y 0.09 0.09 0.02 0.02 0.06 0.00 0.13 0.02 0.02 0.19 1.00 0.31 
YO 0.19 0.02 0.12 0.04 0.12 0.05 0.19 0.04 0.11 0.13 0.31 1.00 
 
Roan Neighbor Association Index January B 2010 
 
ET G14 G21 LG O O13 P R 
ET 1.00 0.10 0.22 0.35 0.10 0.02 0.06 0.10 
G14 0.10 1.00 0.10 0.04 0.15 0.08 0.16 0.00 
G21 0.22 0.10 1.00 0.08 0.17 0.12 0.06 0.06 
LG 0.35 0.04 0.08 1.00 0.04 0.06 0.18 0.10 
O 0.10 0.15 0.17 0.04 1.00 0.19 0.06 0.28 
O13 0.02 0.08 0.12 0.06 0.19 1.00 0.04 0.09 
P 0.06 0.16 0.06 0.18 0.06 0.04 1.00 0.13 
R 0.10 0.00 0.06 0.10 0.28 0.09 0.13 1.00 
 
Roan Neighbor Association Index June 2010 
 
ET G14 G21 LG LV O O13 P R 
ET 1.00 0.02 0.03 0.40 0.35 0.10 0.02 0.06 0.02 
G14 0.02 1.00 0.04 0.11 0.09 0.05 0.05 0.21 0.04 
G21 0.03 0.04 1.00 0.00 0.02 0.22 0.04 0.11 0.17 
LG 0.40 0.11 0.00 1.00 0.31 0.14 0.01 0.02 0.05 
LV 0.35 0.09 0.02 0.31 1.00 0.10 0.06 0.02 0.04 
O 0.10 0.05 0.22 0.14 0.10 1.00 0.14 0.01 0.09 
O13 0.02 0.05 0.04 0.01 0.06 0.14 1.00 0.07 0.10 
P 0.06 0.21 0.11 0.02 0.02 0.01 0.07 1.00 0.04 












Addra Individual Attributes August 2009 
IDs Sex Exact Age Age Class DS 
B F 3.18 A 14.45 
G12 F 5.18 A 29.00 
G17 F 3.20 A 6.50 
H M 4.66 A 31.25 
P F 12.84 A -12.45 
W F 3.19 A -7.00 
WO M 0.44 J -22.55 
Y F 1.22 A 1.35 
YW F 10.05 A -13.55 
YW9 M 0.35 J -27.00 
 
 
Addra Individual Attributes January 2010 
IDs Sex Exact Age Age Class DS 
B F 3.60 A 9.00 
G12 F 5.60 A 17.00 
GY M 0.42 J -14.00 
H M 5.08 A 24.00 
W F 3.61 A -7.00 
W3 F 0.17 J -15.00 
Y F 1.64 A 1.00 
YW F 10.46 A -15.00 
 
 
Addra Individual Attributes June 2010 
ID Sex Exact Age Age Class DS 
B F 0.67 SA -7.00 
G12 F 6.02 A 33.00 
G17 F 2.05 A 2.00 
H M 5.49 A 8.00 
R F 0.07 J 0.00 
RW F 4.04 A 18.00 
W F 4.02 A 7.00 
W23 F 4.02 A 26.00 
W3 F 0.59 SA -16.00 
WO2 M 0.18 J -21.00 
WR F 0.24 J -20.00 
Y M 0.34 J -13.00 
Y12 M 0.18 J -3.00 





Roan  Individual Attributes August 2009 
IDs Sex Exact Age Age Class DS 
G14 F 4.98 A 8.56 
G21 F 8.92 A 20.11 
O M 4.66 A 36.00 
O13 F 3.98 A -8.75 
O23 F 0.52 J -26.00 
P F 5.81 A 4.00 
R F 9.74 A 17.15 
WG F 0.75 J -21.07 
Y F 0.91 J -10.40 
YO M 0.75 J -19.60 
 
 
Roan  Individual Attributes January A 2010 
IDs Sex Exact Age Age Class DS 
ET M 0.31 J -21.20 
G14 F 5.53 A 12.17 
G21 F 9.57 A 35.48 
LG F 0.10 J -12.95 
O M 4.34 A 46.00 
O13 F 4.51 A -4.00 
O23 F 0.96 SA -20.20 
P F 6.38 A 7.99 
R F 10.42 A 22.90 
WG F 1.20 SA -24.20 
Y F 1.37 SA -16.00 
YO M 1.20 SA -26.00 
 
 
Roan  Individual Attributes January B 2010 
IDs Sex Exact Age Age Class DS 
ET M 0.31 J -17.67 
G14 F 5.53 A -3.21 
G21 F 9.57 A 18.50 
LG F 0.10 J -21.00 
O M 4.34 A 21.83 
O13 F 4.51 A -13.00 
P F 6.38 A 3.73 





Roan  Individual Attributes June 2010 
IDs Sex Exact Age Age Class DS 
ET M 0.72 J -21.00 
G14 F 5.81 A -1.18 
G21 F 9.74 A 21.00 
LG F 0.51 J -19.00 
LV F 0.28 J -14.96 
O M 4.64 A 29.00 
O13 F 4.81 A -12.00 
P F 6.63 A 4.50 
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